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3D Three-dimensional 
ACAN Aggrecan gene 
ALP Alkaline phosphatase 
APS Ammonium peroxodisulfate solution 
ASC Adipose derived stem cells 
BCA Bicinchoninic acid 
bFGF basic fibroblast growth factor 
BMSC Bone marrow derived stem cells 
BMP Bone morphogenetic protein 
BSA Bovine serum albumin 
cDNA Complementary DNA 
Ch Chondrocytes 
Col Collagen 
COMP Cartilage oligomeric matrix protein 
Ct Threshold cycle 
Da Dalton 
DAPI 4´,6´-diamidino-2-phenylindole, dihydrochloride 
DMEM Dulbecco´s modified eagle´s medium 
DMMB Dimethylmethylene blue 
DMSO dimethylsulfoxide 
DNA Deoxyribonucleic acid 
dNTP mixture of deoxyribonucleotides dATP, dCTP, dGTP, dTTP 
E. coli Escherichia coli 
ECM Extracellular matrix 
EDTA Ethylene-diamine-tetra acetic acid 
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1
ELISA enzyme linked immunosorbent assay 
et al. et alii (from Latin: and others) 
EtOH Ethanol 
E∞ equilibrium modulus  
F monocultures (without subchondral bone explants) 
FACS Fluorescence activated cell sorting 
FB co- and tricultures with subchondral bone explants 
FC co- and tricultures with articular cartilage explants 
FCS Fetal calf serum 
g gravitation 
GAG Glycosaminoglycan 
HA aggregate modulus 
IBMX 3-isobutyl-1-methylxanthine 
IGF Insulin-like growth factor 
Ihh Indian hedgehog homolog 
IL Interleukin 
k hydraulic permeability 
kb kilo bases 
LC-MS Liquid chromatography–mass spectrometry 
LDH Lactate dehydrogenase 
MALDI-TOF Matrix Assisted Laser Desorption/Ionization- Time Of Flight 
Mixed mixed cultures of BMSC and chondrocytes  
MMP Matrix metalloprotease  
mRNA messenger RNA 
MW molecular weight 
n number of independent samples  
N Newton 
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2
NB normal bone 
OA osteoarthritis 
oBMSC ovine bone marrow derived stem cells 
OD optical density 
PAGE Polyacrylamide gel electrophoresis 
PBS Phosphate buffered saline 
PCR Polymerase chain reaction 
PCNA Proliferating cell nuclear antigen 
PDGF Platelet-derived growth factor 
PFA Paraformaldehyde 
PTHrP Parathyroid hormone related peptide 
qPCR Quantitative PCR 
RNA Ribonucleic acid 
RT-PCR Reverse transcriptase PCR 
SD Standard deviation 
SDS Sodium dodecyl sulphate 
Sox Sex related homeobox containing transcription factors 
TEMED Tetramethylethylenediamine 
TGF-β Transforming growth factor beta 
TNF-α Tumor necrosis factor-α 
Tris Tris(hydroxymethyl)-aminomethan 
U units  
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1 State of the Art / General introduction 
1.1 Epidemiology of Osteoarthritis (OA) in human joints  
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1.2 Biology of articular cartilage 
1.2.1 Organization of articular cartilage 
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1.2.2 Differences between normal and OA cartilage  
:	    !/ )  ( '43 	(		 )  	
(		) +,  	& 4	 77  ! 	 	 	5 !! 
	 

	!!	!	+J77J,!			(	
+;5.&221,&
"	
!#$		 


3 	   !  	  )  ! !  	
 	!5 
!		)  !) (	
  =! 	)  	 	& :!5 
 !	  
)  ) 	
 = 	 ! ( 	  '43
	  )! +>		 22R .  3 221R ! ,& 7 5
!)!		) 	=(		
	 75 775B75 7J5JJ7!!
		
+;!56	&22%R3HR>		,&
7(	)5!)!					
	!!/)
	 (() !   	=)& 	) ! ( 	 		   (
+. ,& 6	 =) ! 	5  !! ( 	  
	5     	
(		!
	*	(+:)53/&221,&
! (    (	5!(		
=	(	 
	 
 
  	 () ! ) ( 	
 !  (&   !  	

5 ( 	
 ! 	 !	 	 !(( 
   (  ! +:)5
$&221R	/5$&222,&!(	
'43)()
	
(	 -  (     	
 ! -	   !  	

		
			&	)(	
  !5   -	 
	   ( !  
	
(	
	))	5
		!
	+6$6,533>55
	
=
+.5	&,&
' , !	  	 	
 	  (		 	
 *  (	 
	 
!=(	(!	)(	
!		)&3	5)*5
   !  	 	    	& '() $6?
 	 77 (		  ! 	 (	)   ( 	 ( 	) 
+H	  < ,& 	)5 	5 5 )	5 	 J5 7
!!	 !			 +7!!,  (   (  )   	&  
(			
*5 !	
	 33>S()33>S
5 	 J   (!	(! +<>,  
! (& 7 		
! 		 	
 "	=25 $6?5 :6T   =(	5   	 	
 
	 !((/	&	)5!/		/		
	
	
	)
+!5"8&0R((	5
3'&R!,&!	(8*		!
	
!!		
(	
	))	7<?57<57<157<	:6+3		5
>&R<5'&,5	! 
	 6$65>;>	$6?
"	
!#$		 


'43
	5
		$$+!5H	)!&R;
F1,&
6)5 	 	
   	   *  '43 (		 (( 
!		) !
 !(!	)( 
	( 	   			

 +H	  < ,& .  	 5 	 	
 ! !	
	!	 	
	 (	  !  (	
	 !	!  !		)
!)(	(!)  (	(	 !  
   (	  	
 * (		
+!5   & %R   . ,& !	! !  	
  / *
!		)!)(	(!)		5	
		!		
	
)	*(!	&9		
)	

	(!)	
!   	
 !		) 

	 	 (	 
	 * (!	
+ R>.,&
5!	'43	(			5)!		
(		)5	
!  	! (	(5  !! ()     	
 !)(&;5 !!) !	
		!	(		
!5 
	!
		(	!		) +/53	&21R<5;	&22R
"	5 3	  & 22%R H	  < ,& 4	8)5 ! 		 	
 *
		(!!		(	)	&


"	
!#$		 

1
',+#-
"!		
 )* 	(			
 *&>		

	!	=		(!		!(
	+!	(

	+$	$	,,&

1.2.3 Biomechanical properties of cartilage  
F!)(	-	(	
		)!!
!!(	)	!	8)
		!!	-	&75
	!8	(			
(!!)'43!!)
	+10Q,5(		)+0Q,5 
		5	+Q,)
	77+3	5;	&21%R>5F&0,&7!(		(	
=5(	
	(	()	()+4!54	=&
R <3	1,5! 	 77   !	
 ! (	(	
 
!!!!	!)+>5F&0,&5
	2Q	 					
 	()	
&>/		

 (	  8 ! 	  (	 ! 	 (! 	
 ! = 
	 	
+3	2R321R"	/!221,&
7  	
 5   *5  ( 	
 	5  	
  	 	  !
  	 5 ! 	#	( 	 	
 !    ! !
		
		(	!		)		
=(			
!	+H	5&R	5&
,& 3		5 "  &   ! * !  

  	
 !
! 	 	( ! 	   	  ((	( (	 	
! 	   (		 	
  ) !  ! '43  33> 
=(	+"5;!&22R3"5F!&R"53"
&,&
H)	 	!(	(!5		!5 !	(			
(		)
	&4	
!!
	!
=(		)!!
	!=

 =  !  	
 !)	  ) 	
 ! '43   	 ! !
!(	(	
&!
	5$$			
'43


	(		
!(	(+"5$!//&RK5!	&
2,&
7 5 ) 	
 	! (	( 	  	
 

5 )5
	()()+.)5$&,&!(		5
"	
!#$		 

2
  )( 	
 	(	 +$	5 :  & ,& D	
 	(	   (
		)  !	 ! 	  ( 	 	  (  	(
= +;3  ' ,& 4	
 	(	  (
	   	

!5 !!  !   	& !  ! 	(  		 	
  )
(    (  	) && 

 		   	 ((   

&
!
	5!
 	!)	)	!	
(	&!
(
			
		((	(+3	
$	R.)5$&,&
.	! (	( 	
    
 ) ! 
		 (A K	L 	5
 	  !) ()& 3	 5 K	L 	 (	

			!

(
		
	(	&	
(	 
		 	 ! 	()  !) () 	 ! 
	  	

+	!((	
	(	,+3	$	R.)5$&,&

1.3 Biology of subchondral bone  
1.3.1 Organization of subchondral bone 
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1.4 Biology of bone marrow derived mesenchymal stem cells (BMSC)  
1.4.1 BMSC and their regenerative potential  
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1.4.2 Chondrogenic differentiation of BMSC 
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1.5 Cartilage repair and tissue engineering 
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1.5.3.2 Microenvironment of subchondral bone and bone cells  
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1.6 Animals in cartilage trauma repair models 
1.6.1 Animal models in cartilage repair 
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3 Material and methods  
3.1 Culture and isolation of articular cartilage, subchondral bone and 
chondrocytes 
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3.2 Culture and isolation of mesenchymal stem cells (BMSC) and adipose-
derived stem cells (ASC) 
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3.3 Flow cytometric characterization of BMSC and differentiation into 
different lineages 
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3.4 Cocultivation of fibrin gel embedded BMSC/chondrocytes during 
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3.6 Cell vitality and proliferation in fibrin gel cocultures 
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3.7 Isolation and quantification of messenger RNA 
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3.8 Histology and immunofluorescence of fibrin gel embedded cultures 
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3.9 Biochemical analysis of fibrin gel cell lysates  
3.9.1 DMMB Assay 
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3.9.2 Collagen I and II ELISA 
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3.9.3 Collagen III Dot-Blot 
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3.10 Immunoblotting of Sox9 and phospho Sox9  
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3.11 Analysis of supernatants (DMMB- und hydroxyproline assay, PTHrP, 
Fibronectin, bFGF, IL-1β, IL-6 and IL-8 ELISA) 
3.11.1 Hydroxyproline assay 
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3.11.2 PTHrP, fibronectin, bFGF, IL-1ß, IL-6 and IL-8 ELISA 
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3.11.3 DMMB assay 
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3.12 Screening for differentially expressed factors in coculture supernatant 
with LC-MS 
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3.13 Biomechanical testing 
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3.14 Statistical analysis 
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4 Results 
4.1 Part I: Microenvironment of cartilage influences
differentiation and ECM production of BMSC and chondrocytes
4.1.1 Bone marrow derived 
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 chondrogenic 
BMSC can be differentiated into different lineages
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4.1.2 Cells embedded in fibrin gel co- or tricultured with OA-cartilage remain 
vital and proliferative for up to 28 days 
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4.1.3 mRNA expression of differentiation/dedifferentiation markers is altered 
in cartilage cocultures 
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4.1.4 Microenvironment of cartilage alters immunofluorescent staining pattern 
of collagens 
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4.1.5 Collagen I, II and III and GAG contents in fibrin gel cell lysates of mono-, 
co- and tricultures  
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4.1.7 Comparison of soluble ECM fragments, PTHrP, bFGF and cytokines in 
supernatants of mono-, co- and tricultures 
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4.1.8 LC-MS analysis revealed differentially expressed factors in BMSC 
cartilage coculture supernatants 
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4.1.9 Microenvironment of OA-cartilage alters biomechanical properties of 
new extracellular matrix  
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4.2 Part II: Microenvironment of subchondral bone influences chondrogenic 
differentiation and ECM production of BMSC and chondrocytes 
4.2.1 Cells embedded in fibrin gel and co- or tricultured with subchondral 
bone remain vital for up to 28 days 
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4.2.2 mRNA expression of differentiation/dedifferentiation markers is altered 
in subchondral bone co- and tricultures 
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4.2.3 Microenvironment of subchondral bone alters immunofluorescent 
staining pattern of collagens 
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4.2.4 Fibrin gel cell lysates reveal different GAG, collagen I, II and III content in 
mono-, co- and tricultures 
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4.2.5 Sox9 in BMSC is not influenced by subchondral bone  
	  !! *!	 	 	 	  

 =(	 	
 "	=25 (	
=(	(!	(!	)	 .3"45=!		)		5	
)/&9:=(		
)/.3"45=!		)5
)18>49	) =(		
	"4
	!		*!		=()/&


























',3+#585626
>			
 +,"	=2	 +.,(!	(!	"	=28
	)
 			

	)&.3"4+!,5=+.3"4!		)8	5!),	
!		) + ) ,  (  		 +65  ! (, 	  	 ! *
!	 	 =( +645 	 ,  !		 & $ =(	  	
  +4, 
.3"4		5	!*!		+4,"4				
! 	 +:. 6., 	 *!	 	 +* 6.5  ,&   	 !! =( ) ! 
(	
!! :	()(=(&9!
" &d(&0Rdd(&RI0
 
9 


:	 
 

  "	=2 (	   	     	(	 !
			&'(,3-*&7	5(	=(		
(!	(!	"	=2	



		&'(,3"*&3		5=(		

.3"4=	

)		 !*!		& 
(
			
=(	!		)			

	)	)1&'(,3*&7	5		
"4!	!	
	    	 (	 	
   	(	 	 "4 		  "4
	!*!		)1&	)=(	 !

	)	)1&'(,3*&

4.2.6 Comparison of soluble ECM molecule fragments, PTHrP and cytokines in 
supernatants of mono-, co- and tricultures  
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4.2.7 Microenvironment of OA-subchondral bone alters biomechanical 
properties of newly regenerated cartilage 
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1
4.3 Part III: Effect of IL-1β, IL-6 or IL-8 stimulation on chondrogenic 
differentiation and ECM production of BMSC and chondrocytes  
4.3.1 mRNA expression of (de)-differentiation markers is altered in cytokine 
stimulated fibrin gels 
4.3.1.1 Influence of cytokine stimulation on collagen gene expression 
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4.3.1.2 Influence of cytokine stimulation on ACAN, MMP2, MMP3 and MMP13 gene 
expression 
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4.3.2 Stimulation with cytokines revealed different GAG, collagen I, II and III 
content in fibrin gel lysates  
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4.4 Part IV: Influence of normal ovine cartilage on mRNA expression of ovine 
BMSC, mixed and chondrocyte cultures 
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5 Discussion 
5.1 General discussion 
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5.2 Part I: Microenvironment of cartilage coculture influences BMSC 
differentiation and ECM production 
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5.3 Part II: Microenvironment of subchondral bone coculture influences 
BMSC differentiation and ECM production 
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5.5 Part IV: Influence of coculture with normal ovine cartilage on BMSC 
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